The validity of the hypothesis that the massive black holes in high redshift quasars grew from stellar-sized "seeds" is contingent on a seed's ability to double its mass every few ten million years. This requires that the seed accrete at approximately the Eddington-limited rate. In the specific case of radiatively efficient quasiradial accretion in a metal-poor protogalactic medium, for which the Bondi accretion rate is often prescribed in cosmological simulations of massive black hole formation, we examine the effects of the radiation emitted near the black hole's event horizon on the structure of the surrounding gas flow. We find that the radiation pressure from photoionization significantly reduces the steady-state accretion rate and renders the quasiradial accretion flow unsteady and inefficient. The time-averaged accretion rates are a small fraction of the Eddington-limited accretion rate for Thomson scattering. The pressure of Lyα photons trapped near the H II region surrounding the black hole may further attenuate the inflow. These results suggest that an alternative to quasiradial, radiatively efficient Bondi-like accretion should be sought to explain the rapid growth of quasar-progenitor seed black holes.
INTRODUCTION
The origin and the early growth of massive black holes remains poorly understood. The massive black holes in quasars (M BH ∼ 10 8 − 10 10 M ), active galactic nuclei (AGN; M BH > 10 5 M ), and the quiescent nuclei of nearby galaxies may have started out as stellar-mass (M BH < 100 M ) "seed" black holes (e.g., Madau & Rees 2001; Menou et al. 2001; Islam et al. 2003) . Is this plausible, that is, could the seed black holes have grown rapidly enough in the cosmic time available to them (e.g., Haiman & Loeb 2001; Volonteri et al. 2003; Tanaka & Haiman 2008 , see also Haiman & Quataert 2004 , Djorgovski et al. 2008 , and references therein)? The rate at which a seed massive black hole can accrete is limited by the local density and the thermal structure of the protogalactic medium and by the effects of the radiation emitted near the event horizon on the accretion flow. Cosmological hydrodynamic simulations suggest that gravitational collapse produces dense central gas concentrations in protogalaxies (e.g., Springel et al. 2005; Li et al. 2007; Pelupessy et al. 2007; Wise & Abel 2007a,b; Wise et al. 2008; Di Matteo et al. 2008; Greif et al. 2008) . Atomic densities have been found to reach n ∼ 10 4 cm −3 (e.g., Greif et al. 2008) , and as much as n ∼ 10 6 cm −3 averaged over the central parsec around the potential minimum (Bromm & Loeb 2003; Wise & Abel 2007b; Wise et al. 2008 ). On spatial scales that are resolved in the simulations, gas is sufficiently concentrated to enable rapid accretion onto a seed black hole. An exception are the first hundred million years after the seed was formed, during which the surrounding gas density is lowered by the radiative feedback from the black hole's progenitor star (see, e.g., Alvarez et al. 2006 Alvarez et al. , 2008 .
Given an ample gas supply, will rapid accretion be inhibited by radiative effects? A reassessment of an accreting black hole's ability to control its own gas supply is needed to im-prove the realism of the treatment of black hole accretion in cosmological simulations. Existing cosmological simulations modeling the growth of seed black holes do not resolve the spatial scales on which some of the radiative processes may alter the accretion. The simulations also do not resolve the fine structure of the dense, turbulent, and possibly multiphase protogalactic medium in which the black holes are embedded. Semianalytic prescriptions are normally adopted for the accretion rate, but these prescriptions normally do not take into account the radiative feedback; it is normally assumed that a black hole, residing in a pressure-supported primordial gas cloud, can accrete steadily at the Bondi rate subject to the Eddington limit for Thomson scattering (e.g., Volonteri & Rees 2005; Alvarez et al. 2006; Pelupessy et al. 2007; Di Matteo et al. 2008; Greif et al. 2008 ). Here, we will evaluate the applicability of this assumption in view of the local radiative feedback that is present if the black hole accretes in a radiatively efficient fashion. We restrict our analysis to the early growth of quasar-progenitor "seed" black holes, which are occasionally referred to as "miniquasars," where a stellar mass or an intermediate-mass black hole (10 2 M M BH 10 5 M ) accretes from a metal and dust poor environment.
The black hole's growth rate is particularly sensitive to the detailed thermal state of the irradiated accretion flow. This can be seen by noticing that the accretion rate, for quasiradial accretion, is influenced by the conditions at the sonic radius r s ∼ 3 × 10 15 (M 2 /T s,4 ) cm, where T s = 10 4 T s,4 K is the temperature of the photoionized and photoheated flow at the sonic radius and M BH = 100 M 2 M is the black hole mass. The sonic radius is normally unresolved in cosmological simulations. It was recognized early that photoheating and photoionization pressure may prohibit steady radiatively efficient accretion (e.g., Shvartsman 1971; Buff & McCray 1974; Hatchett et al. 1976; Ostriker et al. 1976) . It was suggested that accretion can still proceed at rates disallowed by the steady state solutions if cycles of rapid gas inflow, during pauses in accretion near the event horizon, alternate with photoheating or photoionization pressure-driven outflows (Buff & McCray 1974; Ostriker et al. 1976; Cowie et al. 1978; Stellingwerf & Buff 1982; Begelman 1985) . Such quasiperiodic cycling is seen in one-dimensional simulations of Compton-heated accretion onto M BH 10 8 M black holes in galaxy clusters, where the black hole accretes from a hot, ionized, and pressure supported atmosphere (Ciotti & Ostriker 2001 Sazonov et al. 2005) . Recently, Ricotti et al. (2008) revisited the problem of irradiated quasiradial accretion in the context of primordial black hole growth following the cosmic recombination (see, e.g., Ricotti 2007 , and references therein), and suggested that the accretion duty cycle is determined by the periodic formation of an H II region surrounding the black hole.
It was further recognized that the formal existence of steady-state, spherically symmetric accretion solutions is sensitive to the treatment of boundary conditions far from the sonic radius (e.g., Bisnovatyi-Kogan & Blinnikov 1980) , and that these accretion flows can be locally thermally unstable (e.g., Stellingwerf 1982; Krolik & London 1983) and should break down into time-dependent two-phase structure, containing a warm ionized phase and a hot, coronal phase (e.g., Krolik et al. 1981) . Wang et al. (2006) claimed that Compton heating in the vicinity of a seed massive black hole reduces the radial accretion rate to a small fraction of the Eddingtonlimited rate; we here suggest, however, that thermal runaway may engender the Compton-heated coronal phase only in metal-rich flows, where photoionization heating of the incompletely stripped oxygen drives gas heating beyond ∼ 10 5 K (see, e.g., Kallman & McCray 1982 , and § 2.1 below).
The impact of the radiation field produced near the event horizon on the accretion flow and on the state of the interstellar medium of the protogalaxy and that of the intergalactic medium (e.g., Dijkstra et al. 2004; Kuhlen & Madau 2005; Zaroubi et al. 2007; Thomas & Zaroubi 2008; Ripamonti et al. 2008; Spaans & Meijerink 2008) , is sensitive to the shape of the spectral energy distribution (SED) of the central source. The SEDs of rapidly accreting low-mass massive black holes (M BH ∼ 10 5 − 10 6 M ) exhibit significantly larger X-ray (2 keV) to optical spectral ratios than the AGN containing more massive rapidly accreting black holes (Greene & Ho 2007) , as is expected if a fraction of the radiation is produced in a thin disk. On the low mass end, if the microquasar SEDs (e.g., Remillard & McClintock 2006, and references therein) are an adequate prototype, the seed black hole SEDs may contain energetically significant components extending into the hard X-rays. The luminosity-weighted average spectrum of AGN containing intermediate mass black holes could differ substantially (see, e.g., Venkatesan et al. 2001; Madau et al. 2004 ) from the scaled average quasar spectrum of Sazonov et al. (2004) . The ability of X-rays to escape the protogalaxy affects their contribution to the soft X-ray background (e.g., Venkatesan et al. 2001; Dijkstra et al. 2004; Salvaterra et al. 2005 ) and the infrared background (Cooray & Yoshida 2004) . Another difference between the first AGN and the starburst or post-starburst AGN is related to the differences in metallicity of the accretion flows. The thermal phase structure of the interstellar medium exposed to UV and X-ray radiation is sensitive to metal abundances, especially for T < 10 4 K (e.g., Donahue & Shull 1991) and for T few × 10 4 K (e.g., Kallman & McCray 1982, and § 2.1) .
The role of radiative feedback in the formation of the first massive black holes resembles the radiative regulation in the formation of the first massive protostars ( central sources have very different spectra. In protostars, an H II region forms around the protostar and the protostellar disk that feeds its growth; persistent accretion onto the protostar may be quenched by the pressure of the radiation produced by the protostar and the line-cooling neutral shell of the H II region. The protostellar accretion is characterized by a lower radiative efficiency and a higher accretion rate than the black hole accretion for the same accretor mass.
Ignoring radiative effects, accretion onto the black hole is quasiradial on certain length scales (e.g., r s r 10 pc) if turbulence in the gas is weak (Krumholz et al. 2006) and if the gas is not rotationally supported on these scales. If the accretion flow is shock-free (an unlikely condition) and possesses small net rotation, the buildup of vorticity near r ∼ r s may reduce the accretion rate by ∼ 60% (Krumholz et al. 2005) . Quasiradial accretion may be expected if the gas is self-gravitating because bar-like gravitational instabilities destabilize rotational equilibria to convert disk-like configurations into quasiradial, stratified, and possibly turbulent configurations. The gas distribution could still be rotation supported on larger scales, where, e.g., dark matter dominates gravity, and on much smaller scales, where the black hole dominates gravity. This description may apply to high-redshift protogalaxies (see, e.g., Oh & Haiman 2002; Volonteri & Rees 2005; Wang et al. 2006) , and so here, we focus on angular momentum-free accretion and defer examining the role of angular momentum to a subsequent paper.
The quasiradial gas flow can either be steady and radial, or unsteady and characterized by alternating inflow, outflow, and nonradial motions. In view of these possibilities, this work is organized as follows. In § 2 we attempt, and fail, to construct a steady, radial solution for accretion at high accretion rates and high radiative efficiencies. In § 3 we provide a qualitative analysis of time-dependent, episodic accretion, and attempt to estimate the average accretion rate. In § 4 we discuss the consequences of the presence of cold, inhomogeneous, and turbulent gas in the vicinity of the black hole. In § 5 we summarize our main conclusions.
THE PROSPECT OF TIME-INDEPENDENT ACCRETION
In this section we set out to test the model, ubiquitous in semi-analytic and semi-numerical studies of massive black hole evolution, in which the accretion onto a black hole from the protogalatic medium is steady and quasiradial. In § 2.1 we review the standard theory of photoionized radial accretion, and pay particular attention to the dependence of the structure of the flow on the metallicity of the accreting gas. We find that at low metallicities, the flow evades thermal runaway and heating to the Compton temperature at least until it passes the sonic radius. In § 2.2 we estimate the size of the H II region surrounding the black hole and derive conditions under which the self-gravity within the ionized sphere can be ignored. We also justify our assumption that the gas within the ionized region is in local thermal and statistical equilibrium. In § 2.3 we compare the photoionization radiation pressure within the H II region to the gravity of the black hole. We find that if the black hole accretes more rapidly than at a small fraction of the Eddington limit for Thomson scattering, the photoionization radiation pressure in the outer parts of the H II region exceeds the gravity of the black hole. We conclude from this that strictly stationary quasiradial accretion solutions are limited to low accretion rates. In § 2.4 we estimate the pressure of Lyα line radiation produced in and near the H II region and confined by resonance line scattering in its vicinity. We find that Lyα radiation pressure can exceed the thermal gas pressure in the H II region by an order of magnitude, and this presents an additional challenge to strictly stationary quasiradial solutions.
Photoionized Quasiradial Accretion
We ignore the angular momentum of the gas, which is assumed to be free of metals and dust, on radial length scales greater than some radius r min r s and assume that the accretion flow becomes rotationally supported and collapses into a hypothetical thin disk only at radii r disk r min . Furthermore, we assume that the disk accretes onto the black hole with a high radiative efficiency , as is expected for thindisk accretion, such that the bolometric outward radiation flux passing through radius r min is F(r min ) = Ṁ (r min )c 2 /4πr 2 min . We assume that, absent feedback effects, the density scaleheight is much larger than any other length scale under consideration, so that the ambient medium has effectively constant density. We restrict our attention to the accretion flow at radii r > r min , where we assume that the flow is quasiradial and exposed to the radiation emitted by the thin disk at r ∼ 0. Without angular momentum, the radial support against the black hole's gravity must arise from gas pressure gradients and the radiation pressure force. Conservation laws yield the relation (see, e.g., Ostriker et al. 1976; Lamers & Cassinelli 1999) dv
where v is the radial inflow velocity, which is positive when the flow is directed inward, γ the adiabatic index that defines the relation of internal energy density to pressure, k the Boltzmann constant, µ the mean molecular mass, m p the proton mass, T the gas temperature, f total = f rad + f grav the sum of the accelerations due to gravity and radiation pressure, H the photoheating rate, and C the cooling rate (both per unit mass). As we show in § 2.2, there exists a radius r equi outside of which the heating time t heat ∼ kT /(γ − 1)µm p H and cooling time t cool ∼ kT /(γ − 1)µm p C are much shorter than the inflow time ∼ r/v. Since photochemical time scales in dense, ionized gas are generally short, outside this radius the gas reaches an approximate local thermal and statistical equilibrium, and so the last term in equation (1) that is proportional to H − C can be dropped. An estimate that we provide at the end of § 2.2 below suggests that for metal-poor accretion, the radius r equi is usually at most slightly larger than the radius r s at which the flow becomes supersonic. We ignore this complication and assume r equi r s .
The flow is not adiabatic, but we let c s ≡ (γkT /µm p ) 1/2 denote the usual adiabatic sound speed. Continuity at the sonic radius r s where v = c s requires that 2[c s (r s )] 2 r −1 s + f grav (r s ) + f rad (r s ) = 0, and because the self gravity of the gas is negligible, f grav (r s ) = −GM BH /r 2 s . Since the gas is almost fully ionized at r ∼ r s , the radiation pressure at the sonic radius is mainly due to electron scattering. Then f rad (r s ) = − (r s ) f grav (r s ), where (r) ≡ L(r)/L Edd is the ratio of the total luminosity to the Eddington luminosity for all opacities. Since under a wide range of conditions (see, e.g., Blondin 1986) , the flow at the sonic radius is optically thin to electron scattering, provided that the small accretion disk inside the sonic radius does not shadow and reprocess to low frequencies a substantial fraction of the central luminosity, we can assume that L(r s ) = L(0). Then, in a steady state, the luminosity can be related to the total mass flux into the central
where n(r) is the gas number density.
Let Ξ ≡ L/4πr 2 nkT c denote the ionization parameter introduced in Krolik et al. (1981) , which is the ratio of the radiative momentum flux to the gas pressure. Then at the sonic radius Ξ s = γc/c s (r s ) (see straight lines in Fig. 1 ). In a chemical equilibrium determined purely by two-body collisional processes and photoionization, the equilibrium abundances χ i ≡ n i /n of all species are functions of the temperature and F ν /n only, where F ν is the radiation flux at frequency ν such that
2 . On the other hand, the temperature T eq arising from the equilibrium of photoheating and twobody collisional cooling is a function of χ i and F ν /n only. Therefore, for a particular SED f ν = F ν /F, the equilibrium temperature is determined only by L/4πr 2 n, i.e., T eq lies in one-to-one relation with Ξ and we can write T rmeq = T eq (Ξ; f ν ). For particularly hard spectra, instead of being one-to-one, the function T eq (Ξ; f ν ) can be multivalued in a certain range of Ξ. Then, the temperature of a fluid element depends on its thermal history. Since thermodynamic perturbations at constant Ξ are isobaric, the possibly multivalued function T eq (Ξ) at fixed f ν determines the thermal phase structure.
For a fixed SED, T eq (Ξ) is sensitive to the metallicity for 10 5 K T 10 6 K because helium line cooling and Bremsstrahlung cooling dominate the cooling rate at any metallicity (with a comparable contribution from iron at high temperatures in the metal-enriched case), while oxygen and iron photoionization heating are by far the most important heating processes in the metal rich case (e.g., Kallman & McCray 1982) . Figure 1 shows that for the f ν ∝ ν −1.5 spectrum for 0.1 Ryd < hν < 10 3 Ryd, at near-solar metallicities, the Compton-heated hot coronal phase appears at Ξ ∼ 10 (as is well known, see, e.g., Krolik et al. 1981) , whereas in a gas with subsolar metallicity Z 0.1 Z , the coronal phase does not appear until the ionization parameter reaches Ξ ∼ 10 3 . The optically thin T eq (Ξ) becomes independent of metallicity at Z ∼ 0.01 Z .
In Figure 1 , we also show the relations Ξ = c(γµm p /kT ) 1/2 that must hold at the sonic radius for three values of the radiative efficiency: = 0.025, = 0.1, and = 0.4, which, speculatively, might be expected for a rapidly rotating black hole with a thin retrograde disk, a nonrotating black hole with a thin disk, and a rapidly rotating black hole with a thin prograde disk, respectively (see, e.g., Novikov & Thorne 1973; Zhang et al. 1997; Beckwith et al. 2006 Beckwith et al. , 2008 Noble et al. 2008 , and references therein). The temperature at the sonic radius is found at the intersection with the T eq (Ξ) curve, that is, we have the implicit relation
, which can be solved for the temperature at the sonic radius T s as a function of and f ν (e.g., Ostriker et al. 1976) . Evidently, in metal poor gas, the equilibrium temperature at the sonic radius is a strong function of the radiative efficiency; highly radiatively efficient accretion is susceptible to thermal runaway, where the ionization state converges to full ionization as the Compton heating overtakes thermal evolution and the gas becomes fully ionized (see, e.g., Krolik 1999 , and references therein). Note, however, that the gas may not attain the Compton temperature if the inflow time becomes shorter than the heating time for combined Compton and photoionization heating (see § 2.2). Given T s and the sonic radius determined from the relation involving c s (r s ) and the forces acting on the gas, we have that r s = (1 − )µm p GM BH /2γkT s . For example, for power -Local thermal and statistical equilibrium temperature of a photoionized gas under optically thin conditions as a function of the ionization parameter Ξ (see text). The functions Teq(Ξ) for four gas metallicities, expressed in units of the solar metallicity, were calculated with the photoionization code XSTAR (Kallman & Bautista 2001) for an fν ∝ ν −1.5 spectrum between 0.1 Ryd and 1, 000 Ryd. The curves Teq(Ξ) are single valued and thus all equilibria are stable for the particular choice of spectrum, but they need not all be stable for harder spectra. The plot shows that Teq(Ξ) is nearly independent of metallicity for Z 0.01 Z , and that a hot coronal phase appears at Ξ ∼ 10 3 in a gas with Z 0.1 Z and at Ξ ∼ 10 in a more metal rich gas. The straight lines are the relations Ξ = c(γµmp/kT ) 1/2 that must hold at the sonic radius for values of the radiative efficiency, from left to right, of = 0.025, = 0.1, and = 0.4. The temperature at the sonic radius is found at the intersection with the Teq(Ξ) curve.
law SEDs F ν ∝ ν −1.5 and radiative efficiencies ∼ 0.1, typical temperatures at the sonic radius are T s ∼ 10 5 K, and so the sonic radii are r s ∼ 3 × 10 14 M 2 cm. We can write the usual ionization parameter ξ ≡ L/r 2 n = 4πkT cΞ of Tarter et al. (1969) 1 as ξ = 4πvµm p L/Ṁ, which in the optically thin limit becomes ξ = 4πvµm p c 2 . In this limit, the temperature T eq , which is in one-to-one relation with ξ, is also in one-to-one relation with the velocity, T eq (v; f ν , ), and so one can write equation (1) 
If the temperature of the photoionized flow can decrease with radius and thus the infalling gas can acquire momentum before it heats to ∼ T s , the asymptotic velocity v(r) far from the black hole can exceed the isothermal value given in equation (2) by a factor of several. We thus write v ∼ 4.5 Υ(r/r s ) −2 c s (r s ) (r r s ),
where Υ 1. Ideally, we would like to match this solution to the conditions far from the black hole, where the density and the total pressure are n ∞ and P ∞ . One could attempt to set the boundary conditions n(r 1 ) = n ∞ and n(r 1 )kT eq (r 1 ) = P ∞ ≡ n ∞ kT ∞ at some radius r 1 , where the last relation defines T ∞ . This may indeed be possible at very low densities or very low radiative efficiencies. At high densities and efficiencies, however, at some well defined radius r ion r s , the photoionization equilibrium abruptly transitions into a neutral state, i.e., on its way toward the black hole the gas passes a quasistationary ionization front. Gas density, velocity, temperature, and pressure may be discontinuous at the ionization front; furthermore, the warm or cold neutral gas in the immediate vicinity of the ionized region may be supersonically turbulent, in which case the gas density is inhomogeneous and the ram pressure of turbulent flows cannot be neglected. We proceed to an attempt to determine whether steady, strictly time-independent accretion across the stationary ionization front is possible.
2.2. Size of the H II Region around the Black Hole We will assume that the ionized region is surrounded by warm, partially-ionized gas, though in reality, the accreting black hole and its ionization sphere may be embedded in a cold, molecular, and supersonically turbulent medium. However, since the UV radiation from the black hole and the He II recombination radiation from the photoionization annulus (see § 4.2 below) will dissociate molecules in the vicinity of the H II region, a layer of warm, atomic gas should surround the ionization sphere even if the molecular phase exists at somewhat larger optical depths. Because photoheating increases the temperature within the H II region, the radius of the ionized region r ion is larger than the standard Strömgren radius. We further assume that the ionized gas is in pressure equilibrium with the surroundings, i.e., T HII n HII = T HI n HI , where n HII is the total density of ions and electrons in the H II region, n HI is the atomic density in the neutral gas, and T HII and T HI are the respective temperatures.
Depending on the SED of the central source, the photoionization rate will be dominated by primary photoionizations or by secondary photoionizations carried out by photoelectrons (e.g., Shull & van Steenberg 1985; Xu & McCray 1991; Dalgarno et al. 1999) . Taking into account only the ionization of hydrogen from the ground state, the total rate of photoionization in the annulus can be writtenṄ ion =f ion L/E H , where E H = 13.6 eV, L = 10 40 L 40 erg s −1 is the luminosity shortward of E H , andf ion ∼ E H /hν is the average fraction of the photon energy that goes into photoionization. For an almost fully ionized gas and a power law spectrum f ν ∝ ν −α , this fraction equalsf ion = (α − 1)/α for α > 1; in what follows, it should be borne in mind thatf ion depends on the shape of the SED.
In a photoionization equilibriumṄ ion equals the total hydrogen recombination rate in the ionized gasṄ rec ∼ is the approximate hydrogen recombination coefficient in the on-the-spot approximation at temperatures 10 4 K T < 10 5 K (Ferland et al. 1992 , quoted in Jappsen et al. 2007 , and n H + ∼ n e ∼ 1 2 n HII are the ion and electron densities, respectively. Though not entirely justified in Strömgren spheres, the on-the-spot approximation is reasonable unless the density profile within the ionized region, unlike here, is sharply peaked toward the center (Ritzerveld 2005) .
Equating the ionization rate to the recombination rate we obtain r ion ∼ 10 
where T HII = 5 × 10 4 T HII,4.7 K, T HI = 5 × 10 3 T HI,3.7 K, and n HI = 10 6 n 6 cm −3 . At the high gas densities considered here, which are required for a rapid growth of seed massive black holes in protogalaxies, the Compton cooling of the photoionized gas by the cosmic microwave background photons (see, e.g., Ricotti et al. 2008 ) can be ignored.
We will assume throughout that the gas is almost fully ionized at the sonic radius, i.e., that r s r ion . If we express the luminosity in terms of the dimensionless ratio T ≡ L/(4πGM BH m p c/σ T ) of the luminosity to the Eddington luminosity for Thomson scattering, this condition places an upper limit on the density of the neutral gas just outside the H II region 
where we have assumed that T HII,4.7 also represents the temperature of the ionized gas at the sonic radius. Self-gravity of the gas inside the H II region can be ignored provided that which is satisfied for r r ion under a wide range of conditions. To justify our assumption in § 2.1 that the photoionized gas is in local thermal and statistical equilibrium, we calculate the ratio of the Bremsstrahlung cooling time t Brems ∼ 2.5 × 10 11 T 1/2 n −1 H s to the inflow time at the sonic radius t s ∼ r s /c s (r s ) to obtain
where we have ignored the modest increase in density as the gas approaches the sonic radius. This ratio does exceed unity when n 6 < 1 or T HII,4.7 > 1 and M 2 ∼ 1 and so the gas is not always in local thermal and statistical equilibrium at the sonic radius, but it will be in equilibrium at only a somewhat larger radius because the infall time increases rapidly with radius, r/v ∝ r 3 . We also estimate the ratio of the Compton-heating time at the sonic radius (approximately evaluated when the gas has one half the Compton temperature, t C ∼ 0.017 GMµ 2 m e m p c/ T k 2 T 2 s ) to the inflow time,
which suggests that the gas might not be able to heat to the Compton temperature as it passes the sonic radius, if it had not already reached that temperature far from the sonic radius. In conclusion, for the range of models that we consider here, the ionized gas will be in local thermal and statistical equilibrium at all radii r r s .
Continuum Radiation Pressure
Here we estimate the effects of the continuum radiation pressure in the interior of the H II region. The continuum radiation pressure acceleration is f rad =σ H Lχ HI /4πr 2 m p c, where χ HI is the abundance of neutral hydrogen in the ionized gas, andσ H = F −1 σ H,ν F ν dν is the frequency-averaged mean absorption cross section. In a highly ionized gas, most of the photoelectron energy goes into heating, so in ionization balance
whereσ H = F −1 E H (hν) −1 σ H,ν F ν dν and α ion (T ) is the collisional ionization rate. At temperatures 10 5 K, photoionization typically dominates collisional ionization. The neutral hydrogen abundance then becomes χ HI ∼ 10 
which implies that at radii not much smaller than r ion , the neutral abundance is 10 −6 , and in this regime, sinceσ H ∼ 10 6 σ T , radiation pressure due to photoionization exceeds that due to Thomson scattering. The acceleration due to the former is then given by f rad = (σ H /σ H )α B (T )n 2 H E H /µnm p c. Note that, unlike in the case of Thomson scattering, this is independent of distance from the black hole because here the abundance of absorbers increases with radius χ HI ∝ r 2 . The cross section ratio isσ H /σ H ∼ (3 + α)/(2 + α) for power-law spectra
4 α B (10 4 K), we compare f rad to the black hole's gravity f grav = GM BH /r 2 to find, where we have assumed a fiducial α = 1.5 spectrum, implying f ion ∼ 1 3 andσ H /σ H ∼ 9 7 ; we assume these fiducial values in what follows. The relative importance of radiation pressure depends on distance, and dominates at larger radii. This shows that for a wide range of parameters, for near-Eddington accretion, radiation pressure in the H II region at radii r r ion greatly exceeds the black hole's gravity. A steady state solution for near-Eddington accretion does not seem to exist.
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If we impose f rad / f grav < 1 as is required for strictly steady state accretion, we can derive an upper limit to the accretion rate, to obtain
where T,crit can be recognized as the inverse of the usual radiation force multiplier β ≡ / T = −1 T,crit . We can see that the accretion rate is limited to only a small fraction of the Eddington rate for Thomson scattering. The limit can be compared with the Bondi accretion rate in the photoheated flow ignoring radiation pressure, calculated by substituting equation (3) 
where = 0.1 −1 is the radiative efficiency, T s = 10 5 T s,5 K is the temperature at the sonic radius, and we have again relied on pressure balance to relate the ionized gas density to the neutral gas density. The true maximum dimensionless accretion rate for strictly stationary accretion must be below the minimum of T,crit and T,Bondi . Note that the accretion rate in equation (12) is much smaller than the Bondi accretion rate that would be calculated ignoring photoionization and photoheating altogether, i.e., for radiatively-inefficient accretion T,Bondi ∼ 50 M 2 n 6 T −3/2 HI,37 (no photoheating/ionization), (13) where to convert the mass accretion rate into a luminosity, for comparison with the Eddington luminosity, we have formally set = 0.1.
Lyα Radiation Pressure
Another source of pressure is from the Lyα photons that are produced throughout the H II region and can become trapped within the ionized region and the surrounding neutral shell (see, e.g., McKee & Tan 2008 , and references therein). Let f Lyα ∼ 2 3 (e.g., Osterbrock 1989) denote the fraction of the total power emitted by the central source above E H that is reprocessed into Lyα photons. Consider a shell of neutral gas at radii r ion < r < r ion + ∆r shell , where ∆r shell denotes the thickness of the shell. For shells with ∆r shell r ion , the linecenter optical depth of the shell τ 0 = σ 0 (T )n H ∆r shell , where σ 0 (T ) = 5.9 × 10 −14 T 
Since the shell is very optically thick, a photon injected at the edge (r = r ion ) near line center will scatter across the ionized region many times before escaping the shell. The ionized gas within the H II region has some residual optical depth due to the presence of a small neutral fraction. Under the conditions considered here, the ionized gas is optically thick to the photons in the core of the Lyα line, and is marginally optically thin to the photons in the wings. We ignore this complication and treat the ionized gas as optically thin. To estimate the number of times a photon injected at the edge of the neutral gas crosses the H II region, we assume that ∆r shell r ion , and carry out a simple Monte Carlo calculation of a photon's frequency diffusion before it escapes the shell. For this, we employ the accurate expressions for the transmission coefficient and the reflection frequency redistribution function at the shell edge that Hansen & Oh (2006) obtained from Monte-Carlo resonant line scattering calculations. In the dust free limit, the number of times a photon injected near the line core reflects against the walls of the ionized region is accurately approximated with
where a(T ) = ν L /2ν Dop = 4.72 × 10
is the ratio of the natural to the Doppler line width. This is close to the asymptotic formula due to Adams (1972 Adams ( , 1975 , N reflect ∼ 15 (τ 0 /10 5.5 ) 1/3 , in the optically thick limit (quoted from Dijkstra & Loeb 2008). At T = 10 4 K, for τ 0 = (10 9 , 10 10 , 10 11 ), the numbers of reflections take values N reflect ∼ (250, 610, 1400). Rayleigh scattering contributes to the opacity negligibly for τ 0 10 10 . Destruction of Lyα photons by stimulated two photon emission is negligible in the range of optical depths that we consider. For simplicity, we adopt Adams' formula in what follows.
The energy density in Lyα photons can be approximated with (see, e.g., Bithell 1990; Haehnelt 1995)
From this, the radiation pressure P Lyα = 1 3 U Lyα scale height is ∼ 
For near-Eddington accretion the Lyα pressure can significantly exceed the gas pressure and impart an outward impulse to the neutral gas surrounding the H II region. This result appears to imply that even at relatively small T , the pressure of the trapped line resonance radiation remains in excess of the gas pressure.
If we speculatively require P Lyα < P gas for strictly stationary accretion, we invert equation (17) 
Because of the strong dependence on T HII and our not having found self-consistent dynamical solution for gas flow in the presence of the line scattering radiation, we are not able determine whether the continuum photoionization pressure or the line resonance scattering is more constraining to the maximum accretion rate for strictly stationary quasiradial accretion that can be achieved. If the radiation pressure drives a coherent expansion (outflow) in the neutral shell, this may promote photon escape and reduce P Lyα /P gas . If the outflow contains a velocity gradient of magnitude ∆v, Bonilha et al. (1979 , see also Bithell 1990 estimate that N scatter is reduced by a factor ∼ (1 + 0.04 |∆v/v Dop | 3/2 ) −1 , where v Dop ∼ c s ∼ 10 km s −1 is the thermal or turbulent Doppler velocity. The same reduction factor should apply to N reflect . Thus, even for a highly supersonic outflow ∆v/v Dop ∼ 8, the number of reflections to escape and the Lyα radiation pressure to which it is proportional will drop by only a half.
EPISODIC ACCRETION
Here we revoke the assumption of strictly stationary flow and attempt to describe a sequence of periodically recurring stages in the seed black hole's accretion cycle. Let T,max 1 denote the peak luminosity in units of the Eddington luminosity for Thomson scattering. From equation (11), the continuum radiation pressure force overwhelms the gravitational force at radii r > r crit where
The material at r < r crit is sufficiently highly ionized to be immune to radiation pressure driving. The material at r > r crit is not bound to the black hole and will be accelerated outward. The bound material continues to accrete onto the black hole, but the accretion rate decreases, due to the drop of pressure at ∼ r crit and the ensuing rarefaction at smaller radii. Since normally r crit r s , the black hole's gravity does not prevent rarefaction at radii r s < r < r crit . In this region, the rarefaction reduces density on the sound crossing time ∼ r crit /c s (r crit ). If the latter is approximately independent of density, the drop in density and the accretion rate is roughly exponential in time. Thus the total accreted mass before the accretion rate becomes very small is ∆M ∼ T,max (GM bh m p / cσ T )r crit /c s (r crit ). This is only a small fraction of the mass contained within r crit at the time of peak luminosity.
If the material expelled by radiation pressure reaches radii ∼ r ion , it encounters the denser gas near the edge of the H II region. Meanwhile, because of rarefaction within r crit , the central luminosity and the radiation pressure drop, and at some point, radiation pressure is not able anymore to accelerate gas against the positive pressure gradient outside r crit . Then the pressure gradient accelerates the expelled gas inward, back toward the black hole. The returning gas acquires a velocity similar to the local sound speed c s,HII (r ion ), and may return to the vicinity of the black hole on the time scale 
Since T,max 1, the episodically-accreting black hole will accrete at only a small fraction of the Eddington rate on average. The pressure of the Lyα scattering radiation trapped within and in the neighborhood of the H II region may further reduce the average accretion rate by imparting an outward impulse to partially ionized gas and possibly significantly extending the return time t return . The accretion duty cycle implied by equation (20) will differ from the one derived by Ricotti et al. (2008) who the effect of the radiation pressure on the structure of the H II region surrounding a primordial black hole. Setting T,max = T,Bondi in equation (12), we obtain the relation¯ T ∼ 0.25 s,5 , so the average accretion rate in quasiperiodic accretion is a relatively small fraction of the Bondi accretion rate in the photoheated gas (and, of course, a much smaller fraction of the Bondi rate calculated ignoring photoheating altogether, cf. eq. [13]). We are not able to determine with certainty whether the accretion from a weakly turbulent quasiuniform density medium will be episodic, in which case it will proceed at the rate given in equation (20), or whether it will be quasistationary and subject to the limit reflected in equation (11). We proceed to discuss the implications of inhomogeneity and turbulence in the environment of a seed black hole.
MOLECULAR GAS AND CLUMPY ACCRETION
4.1. Accretion of Self-Shielding Clumps A fraction of the dense gas mass that is collecting at the center of the protogalaxy is in the molecular phase. Even in the absence of dust, hard X-rays emitted by the black hole could maintain a high electron fraction in the neutral gas surrounding the H II region, which would catalyze molecule formation. Molecules can also form if traces of metals and dust are present. In protogalaxies with virial velocities 10 km s −1 , the infalling and partially virialized cold molecular gas is supersonically turbulent. In supersonic turbulence, the local density exhibits intermittent strong fluctuations around the mean. Simulations of isothermal turbulence have shown that the density probability density function is a normal distribution in ln ρ with mean ln ρ = − 1 2 σ 2 and dispersion σ 2 = ln(1 + b 2 M 2 ), where M is the turbulent Mach number and b ≈ 0.26 for unmagnetized turbulence (e.g., Kritsuk et al. 2007 , and references therein). For example, for M = 10, ∼ 1% of the volume contains densities in excess of the average density by a factor of 10 or greater. Dense clumps can enter the ionized sphere and remain self-shielded from photoionization and photodissociation. Since from equation (4) the critical radius for photoionization is proportional to n −2/3 , a clump with an overdensity of 10 can withstand photoionization to radii ∼ 0.2 r ion .
The presence of neutral clumps in the ionized sphere may fundamentally alter the structure of the accretion flow if they are dense enough to survive photoionization and photoevaporation at the smallest radius r crit where radiation pressure exceeds gravity (see § 3). This seems to require densities violating the condition in equation (5). Such dense clumps may form as a product of turbulent fragmentation and may be selfgravitating and on their way to turn into star-forming cores, provided that they are not tidally disrupted by and accreted onto the black hole (e.g., Bonnell & Rice 2008) . During accretion minima when T T,max , dense clumps may withstand photoionization and photoevaporation even at r r s . In this case, they could accrete directly into the small optically thick accretion disk around the black hole. If the clumps occupy a substantial solid angle as seen from the black hole, the gas in their shadows recombines, cools, and accelerates toward the black hole.
As the baryonic concentration at the center of a protogalaxy grows by continuous infall, its gravitational velocity dispersion and turbulent Mach numbers increase. With the progression of ever higher degree of clumping in the gas, the severity of the radiative feedback discussed in § 2 and § 3 decreases. The feedback-limited accretion may proceed at only a small fraction of the rate corresponding to the Eddington limit for Thomson scattering until turbulent inhomogeneities reach the level at which the densest clumps are self-shielded at ∼ r s even at T,max ∼ 1. Then, unless the gas supply is depleted by star formation and supernovae, the seed black hole may be able to grow efficiently and double its mass on the Salpeter time scale t Salp ∼ 5 × 10 7 −1 yr. Central stellar velocity dispersions found in massive black hole-hosting stellar systems in the local universe are > 30 km s −1 (e.g., Barth et al. 2005 , and references therein); if massive black holes are not found in systems with smaller dispersions, it may lend support to the hypothesis that efficient accretion commences only when the baryonic gravitational potential well depth around the black hole exceeds a critical minimum value.
Photodissociation Sphere around the Black Hole
The existence of dense clumps in the neighborhood of the H II region may be contingent on the presence of molecular gas. The radiation from the black hole likely contains a photo-dissociating component below the Lyman edge. However, for a central source with a hard spectrum, two photon emission from the 2 1 S → 1 1 S transition in the recombination of He II is a guaranteed source of H 2 -dissociating photons. Photons in the Lyman-Werner (LW) bands of hydrogen are produced at the rateṄ LW ∼ 1 3 f ion,He L/E He , where f ion,He is the fraction of photon energy that goes into helium ionization in mostly neutral gas, and E He = 24.6 eV. Some LW radiation may also be produced by the central source itself (Kuhlen & Madau 2005) . If the gas surrounding the black hole is dust-free and molecular synthesis is catalyzed primarily by H − , one can estimate the dissociation depth ∆r diss in the neutral gas viȧ
where k H2 is the rate for the reaction H − + H → H 2 + e − and n H − is the equilibrium abundance of the H − ions. Adopting the temperature T = 1, 000 K we have k H2 ≈ 1.2 × 10 −9 cm 3 s −1
and n H − ∼ 7×10 −7 n e (see, e.g., Oh & Haiman 2002 , and references therein). The maximum ionization fraction x e ≡ n e /n H allowed if H 2 is to be dissociated in a sphere of radius 2r ion is obtained by substituting ∆r diss = r ion in equation (21) and solving for x e , to obtain the condition
where we have set f ion,He = 0.06. If the SED of the black hole extends into the hard X-rays, an electron fraction violating the condition in equation (22) may be maintained in the neutral shell surrounding the H II region. This suggests that, even in an environment with primordial composition, the H II region associated with a seed black hole may be surrounded by only a thin (∆r diss r ion ) photodissociation region where gas cooling and clumping is reduced (see also ). Photodissociation may be even less important if the protogalaxy has been enriched with trace quantities of metals and dust (e.g., Omukai et al. 2008 ), as gas cooling can proceed even in the absence of molecular hydrogen in that case. Also, if the accretion is episodic ( § 3), molecular gas can form during the quiescent periods in which central accretion is temporarily diminished or suspended by the radiative feedback.
CONCLUSIONS
We model quasiradial accretion onto seed massive black holes in metal and dust poor protogalaxies with the goal of evaluating the common assumption that the seed black holes accrete at the Bondi accretion rate moderated by the Eddington limit for Thomson scattering. After considering radiative feedback effects in the neighborhood of an accreting black hole, we are able to derive the following conclusions:
The local thermal and statistical equilibrium temperature of a photoionized gas is a strong function of the metallicity of the gas at radii from the black hole where gas becomes captured by the black hole. The photoionized gas outside the sonic radius is normally in equilibrium, but, particularly for metallicities Z 0.1 Z , the gas passing through the sonic radius may not be in equilibrium, i.e., it may not complete thermal runaway that would heat it to the Compton temperature. Due to the radiative heating of the gas, the sonic radius is much smaller than the Bondi radius evaluated in terms of the temperature of the protogalactic medium far from the black hole; the corresponding gasdynamical accretion rate is thus reduced relative to the Bondi value. The gas temperature at the sonic radius is also a strong function of the radiative efficiency of the accretion near the event horizon of the black hole.
The black hole is surrounded by an H II region, which is further surrounded by a photodissociation region if the ambient protogalactic medium contains molecules. Though the radius of the H II region is larger than the standard Ström-gren radius, it is small enough to be unresolved in existing cosmological simulations of protogalaxies. At maximum gas densities that could be resolved in cosmological simulations to date (∼ 10 6 cm −3 on length scales ∼ 1 pc), the radius of the H II region is larger by orders of magnitude than the sonic radius.
Photoionization radiation pressure from the continuum radiation produced near the event horizon can overcome the gravity of the black hole when the central luminosity is even a small fraction of the Eddington luminosity for Thomson scattering. The radiation pressure is the strongest in the bulk of the H II region, i.e., not too close to the black hole where the equilibrium neutral fraction is negligible. The continuum radiation pressure precludes strictly stationary quasiradial accretion near the Eddington limit.
A significant fraction of the luminosity of the black hole is converted into Lyα line resonance radiation; resonance line scattering keeps this radiation trapped in the neighborhood of the H II region. Radiation pressure from the trapped radiation can exceed the external, confining gas pressure by an order of magnitude. We do not self-consistently solve for a stationary accretion flow in the presence of line resonance radiation pressure, but our estimates do suggests that like the continuum photoionization pressure, the line resonance pressure is detrimental to stationary accretion at high accretion rates.
As an alternative to strictly stationary accretion, we outline a model for episodic accretion in which short episodes of rapid accretion alternate with longer periods of accretion reduced by radiation pressure. In this model, central rarefaction induced by photoionization radiation pressure acceleration in the bulk of the H II region drives down the central accretion rate exponentially. The time-average accretion rate is then set by the mass accreted during the peak episodes, divided by the fallback time on which the material expelled by photoionization pressure returns to the center.
Our idealized treatment here already indicates how extremely complex the self-consistent accretion problem is. To more fully explore the time-dependent accretion flow onto a seed black hole, numerical simulations are clearly needed. Of particular importance is to study the effect of angular momentum, the impact of turbulence, and the possible emergence of a multi-phase medium in the infalling gas. We will report on the results from such simulations elsewhere. If our result that the initial accretion onto stellar seed black holes is greatly reduced in the presence of radiative feedback holds up even in fully three dimensional radiation-hydrodynamical simulations, the need for seed formation by direct collapse of massive primordial gas clouds might be significantly increased (e.g., Bromm & Loeb 2003; Begelman et al. 2006 Begelman et al. , 2008 Djorgovski et al. 2008 ).
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